Background: Patients receiving home parenteral nutrition (HPN) have an increased risk for central line-associated bloodstream infections (CLABSIs), including candidemia. Recently, 7 single-nucleotide polymorphisms (SNPs) in TLR1, CD58, LCE4A-Clorf68, and TAGAP have been associated with the development of candidemia. Identification of host-genetic as well as clinical risk factors may help to identify patients who have an increased susceptibility to such infections. The aim of this study was to investigate the relevance of the reported SNPs in patients receiving HPN, and to explore clinical risk factors associated with candidemia. Methods: We analyzed blood samples of adult patients who started HPN between 1976 and 2017 at our referral center for intestinal failure. Primary outcome was the association between TLR1, CD58, LCE4A-Clorf68, or TAGAP SNPs and candidemia. Secondary outcomes included the relation between severity of infection and these SNPs, and clinical risk factors for candidemia. Results: Of 341 included patients, 42 (12%) experienced a candidemia (range 1-6). None of the 7 SNPs were associated with candidemia or the severity of infection. The rate of non-Candida-related CLABSIs was significantly associated with candidemia (rate ratio, 1.29; 95% CI, 1.14-1.46; P < 0.001). Conclusions: None of 7 known SNPs in TLR1, CD58, LCE4A-Clorf68, or TAGAP were associated with candidemia or severity of infection in patients receiving HPN. The rate of non-Candida-related CLABSIs was significantly associated with the development of candidemia. The latter supports the key role of aseptic catheter handling with respect to Candida susceptibility in patients receiving HPN. (JPEN J Parenter Enteral Nutr. 2020;44:282-290) 
Several clinical risk factors for candidemia have been identified in previous studies. In addition, 7 single-nucleotide polymorphisms (SNPs) in TLR1, CD58, LCE4A-C1orf68, and TAGAP have been recently associated with an increased risk for candidemia. Identification of both host-genetic and clinical risk factors may help to identify patients receiving HPN who have an increased susceptibility to candidemia and guide patient-specific preventive strategies. To date, however, studies exploring genetic risk factors in patients receiving HPN are extremely scarce, and no studies have been performed investigating genetic risk factors for candidemia.
This retrospective cohort study was conducted to de
Introduction
Patients with intestinal failure (IF) depend on long-term intravenous supplementation of nutrition and/or fluids in the home setting. This treatment strategy is coined as home parenteral nutrition (HPN) support, and it centers on selfmanagement of central venous access devices (CVADs) by patients or their caregivers. Patients receiving HPN have an increased risk for central line-associated bloodstream infections (CLABSIs), 8%-15% of which are caused by Candida species. [1] [2] [3] Candidemia is infamously known for its substantial morbidity and mortality rates of up to 40%, also due to the tendency for metastatic spread, with an obvious impact on patient quality of life and healthcare resources. [4] [5] [6] [7] [8] [9] [10] [11] To prevent dissemination of fungal pathogens, timely removal of CVADs is crucial. 9, 12 Repeated removal of CVADs, however, eventually compromises the remaining options to obtain reliable venous access. Therefore, measures to prevent CLABSIs, including candidemia, are of key importance to maintain venous access.
In addition to the presence of CVADs, other clinical risk factors for invasive candidiasis include recent surgery (especially in the case of anastomotic leakage), critical illness, transplant procedures, and the use of immunosuppressive drugs and broad-spectrum antibiotics. 9 These risk factors, however, do not explain all of the variation in susceptibility to Candida infections. Hence, it is assumed that host-genetic risk factors contribute to the development of candidemia as well. Indeed, Plantinga et al recently identified 3 singlenucleotide polymorphisms (SNPs) (rs5743611, rs4833095, and rs5743618) in the Toll-like receptor 1 (TLR1) gene in a relatively large cohort of 245 patients who developed candidemia. 6 TLR1 plays a central role in the host defense against infections. Microbial products activate TLR1, which results in a burst of proinflammatory cytokines with simultaneous activation of the innate immune system. 13 The SNPs in TLR1 seem to decrease this proinflammatory cytokine release, in particular of interleukin (IL)-1β, IL-6, and IL-8. 6 In another study of 217 candidemia patients, Kumar et al analyzed 118,989 SNPs in 186 loci related to immune-mediated diseases.
14 The authors identified 4 SNPs (rs17035850, rs12025416, rs4845320, and rs3127214) that conferred an increased risk for candidemia. The SNPs rs17035850 and rs12025416 are both located near the CD58 gene, an important factor in mediating Candida phagocytosis, inhibiting germination, and modulating Candidaspecific cytokine production.
14 The third SNP, rs4845320, is located at the LCE4A-C1orf68 locus and is involved in epithelial barrier function. 14, 15 Finally, rs3127214 is located at the 5 end of TAGAP and encodes for T-cell activation RhoGTPase-activating protein. 16 TAGAP has a role in Candida-induced inflammation and antifungal host defense.
14 Interestingly, patients with 2 or more risk alleles had a 19.4-fold increase in risk for developing candidemia.
The identification of both host-genetic and clinical risk factors may help to identify patients with HPN who have an increased susceptibility to candidemia and guide patientspecific preventive strategies. For example, these patients might benefit from prophylactic antifungal therapy or adjuvant immunotherapy. In addition, arteriovenous fistulas, which have been associated with extremely low CLABSI rates, might be created preemptively as an alternative to CVADs for parenteral nutrition administration. 9, 17 It remains unclear, however, whether the previously mentioned SNPs play a similar role in patients with HPN and which clinical factors are involved in the development of candidemia. This notion urged us to assess the impact of the reported SNPs in our cohort of patients with HPN, and to explore clinical risk factors associated with candidemia.
Subjects and Methods

Ethics Statement
This study has been approved by the ethics committee of the Radboud University Medical Center (reference number 2018-4597). Formal informed consent was waived by the ethical committee. This study has been conducted in accordance with the Declaration of Helsinki.
Study Design and Population
We performed a case vs disease-matched control study, in which we analyzed available historically collected whole blood samples from adult patients receiving HPN at our referral center for IF ( Figure S1 19, 20 A CLABSI required the following set of conditions: (1) presence of a systemic infection or sepsis (eg, fever, hypotension, and/or chills), (2) a recognized pathogen species cultured from ࣙ1 blood culture, (3) the cultured microorganism was not related to an infection site other than the CVAD, and (4) in case of a common commensal (eg, coagulase-negative Staphylococcus species), >1 blood culture had to be positive from the CVAD and/or peripheral vein.
Patients were classified as having a persistent candidemia when they had positive blood cultures for Candida species ࣙ5 days during follow-up, despite adequate antifungal therapy. A disseminated Candida infection was defined as the presence of Candida species at normally sterile body sites other than the bloodstream or urine during follow-up. Use of immunosuppressive medication was defined as >50% of follow-up period on systemic non-chemotherapeutic drugs that suppress or reduce immune function.
DNA Isolation
DNA was isolated from venous whole blood in 10 mL Monoject tubes containing 18.0 mg EDTA (BD, Plymouth, United Kingdom) using the High Pure PCR Template Preparation Kit (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer's protocol. DNA samples were subsequently stored at 4°C-8°C until further use.
Genotyping
Specific sets of primers and probes were designed by using Beacon Designer 7.0 software (PREMIER Biosoft, Palo Alto, CA, USA). The sequences of the primers and probes were checked for polymorphisms in their binding sites using SNPCheck version 3 and are shown in Table S1 . 21 The 6-fluorescein amidite and hexachloro-fluorescein amidite were covalently bound to the 5 -end of the probes. The Black Hole Quencher-1 was bound to the 3 -end of the probes. Primers and probes were prepared by Sigma-Aldrich Chemie BV (Zwijndrecht, the Netherlands). All SNPs were genotyped by means of real-time polymerase chain reaction (PCR) techniques with the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). Quality control was performed by duplicating samples within and across plates and by the incorporation of positive and negative control samples. Results were analyzed with data analysis software Bio-Rad CFX Manager 3.0 (Bio-Rad Laboratories).
Statistical Analysis
Continuous variables were presented as medians and interquartile ranges (IQR). Deviation from Hardy-Weinberg equilibrium for all 7 SNPs were calculated with the use of a χ 2 test for patients with and without candidemia, separately. Pairwise linkage disequilibrium, D , and r 2 were calculated using Haploview. Haplotype blocks were assigned using a D confidence interval algorithm from Gabriel et al. 22 Logistic regression analyses were used to calculate odds ratios (ORs) with 95% CIs for genotypes associated between patients with and without candidemia, and with or without persistent candidemia or disseminated Candida infections, using a dominant model (ie, minor allele homozygote combined with the heterozygote as risk genotypes). In a secondary analysis, corrections were performed for multiple candidemias per patient and time receiving HPN, by using a random effect Poisson regression model. These results were presented as candidemia rates (number of candidemia per 1000 catheter days) between genotypes, and differences were compared with rate ratios and 95% CIs. For both the logistic regression and Poisson regression analyses, correction for significant different baseline characteristics or a change of ࣙ10% on unadjusted estimates by covariates took place. Random effect Poisson regressions analysis was also used to identify clinical risk factors for candidemia. Potential risk factors included sex, age at start of HPN, pathological mechanism of IF, diabetes mellitus, presence of a stoma, use of immunosuppressive drugs, transplant status, and a patient's non-Candida-related CLABSI rate. Risk factors that showed in the univariable Poisson regression analysis a P-value ࣘ 0.2 were included in the final multivariable Poisson regression analysis. Results with a P-value < 0.05 were considered statistically significant. Patients were excluded from relevant (sub)analyses in case of missing data. All statistical analyses were performed with SPSS statistical software package version 22.0 (SPSS, Chicago, IL, USA) or 
Results
In total, 341 (76%) of 451 patients receiving HPN were included in the analyses ( Figure S1 ). Of these, 42 (12%) patients experienced 1 or more candidemia episodes (range 1-6). Baseline characteristics of patients are shown in 
Association Between SNPs and Candidemia
Genotype distribution for TLR1, CD58, LCE4A-Clorf68, or TAGAP in patients with and without a candidemia are presented in Table 2 . For all SNPs, the genotype distribution did not deviate from the Hardy-Weinberg equilibrium. In addition, the entire HPN patient population showed a similar allele distribution when compared with previously reported control groups. 6, 14 In the logistic regression analysis, none of the SNPs were significantly associated with candidemia (Table 2) . When adjusting for multiple candidemias per patient and the period of HPN dependency, similar results were observed (Table S2) . Haploview analysis showed a strong linkage between all 3 TLR1 SNPs (Figure 1) . On patient level, there was a trend toward an increased risk for candidemia for the GAT haplotype for TLR1 when compared with other haplotypes (OR 2.35; 95% CI, 0.87-6.34; P = 0.09). The patient TLR1 diplotype distribution is shown in Table S3 .
SNPs Associated With Severity of Infection
The severity of infection was recorded in 41 candidemia patients. In total, 7 (17%) and 15 (37%) patients had a persisting and/or disseminated candidemia during follow-up, respectively. Genotype distribution for TLR1, CD58, LCE4A-Clorf68, and TAGAP are presented in Table 3 . None of the SNPs were significantly associated with persisting candidemia. Similar results were observed for patients with or without a disseminated candidemia (Table 3) .
Clinical Risk Factors for Candidemia
Univariable and multivariable Poisson regression analyses of clinical risk factors are shown in Table S4 and Table 4 , respectively. Both intestinal dysmotility as underlying condition leading to IF, and the rate of non-Candida-related CLABSIs were univariably associated with candidemia. In a multivariable model, only a higher rate of non-Candidarelated CLABSIs was associated with a higher risk for candidemia (rate ratio, 1.29; 95% CI, 1.14-1.46; P < 0.001).
Discussion
This is the first study to investigate host-genetic and clinical risk factors for candidemia in patients receiving HPN. We did not find any evidence for linkage of known risk SNPs in TLR1, CD58, LCE4A-Clorf68, or TAGAP and candidemia or, for that matter, the severity of infection. The TLR1 GAT haplotype showed a trend toward an increased risk Table S3 .
a SNPs are displayed in the following order: rs5743611, rs4833095, and rs5743618. b On a patient level, haplotypes were compared vs all other haplotypes, using logistic regression analysis, after adjusting for non-Candidarelated CLABSI rate. CLABSI; central-line associated bloodstream infection, SNP; single-nucleotide polymorphism.
for candidemia in patients receiving HPN. Not unexpected, the rate of non-Candida-related CLABSIs proved to be an independent clinical risk factor for candidemia.
In contrast to the studies by Plantinga and Kumar et al, we did not observe an increased susceptibility to candidemia in patients with SNPs in TLR1, CD58, LCE4A, or TAGAP. A reason for these seemingly conflicting findings may be that, although these SNPs have been previously identified in large candidemia cohorts, the results have not been replicated in other large candidemia cohorts yet. We cannot rule out that the investigated SNPs are not truly associated with candidemia. In addition, an important limitation is that the group size of candidemia patients in the present study was small. This clearly impacted on the power of our analyses, especially in some SNPs (eg, rs17035850, rs4845320, and rs3127214) with a low genotype frequency. Merely a limited power, however, cannot explain that certain highly frequent genotype SNPs (eg, rs4833095, or rs5743611 in the Poisson analysis) showed a trend toward a decreased risk for candidemia. This suggests that our HPN cohort differed from the patient populations investigated by Plantinga and Kumar et al. Indeed, these studies included candidemia patients with various clinical backgrounds. For example, a substantial number of patients had a compromised immune function (59%-64%), had active malignancy (32%-35%), used chemotherapy (16%-19%), or were admitted to the intensive care unit (49%-54%), whereas only 19%-22% of patients used parenteral nutrition administered via a CVAD. 6, 14 It is unclear whether the latter subgroup had similar associations or trends between SNPs and candidemia. In contrast, our patient cohort had 1 major common risk factor for candidemia (ie, parenteral nutrition via a CVAD), whereas other major risk factors for candidemia were mostly lacking. Differences were also observed in 30-day mortality rates. In the previous studies, mortality rates of approximately 28% have been described, compared with 5% in our cohort. 6 These high mortality rates are often reported in critically ill patients on intensive care units, whereas chronic IF patients tend to be more healthy and live in a relative stable condition at home. 23 Of note, it is unlikely that virulence of certain Candida species played a role, as the distribution of cultured species was similar to other studies. 5, 8, 9 Plantinga et al previously reported in healthy volunteers having 3 TLR1 SNPs a significantly decreased expression of IL-1β, IL-6, and IL-8. For this reason, we combined all 3 TLR1 SNPs in our analysis. It was interesting that there was a trend toward an increased susceptibility to candidemia in patients with a TLR1 GAT haplotype (7% vs 14%). Remarkably, in contrast to the study from Plantinga et al, we did not observe any patient with a CGT haplotype in our cohort. It is likely that the previously mentioned healthy volunteers actually had a CAG/GGT diplotype. Another explanation for this discrepancy is that the genotype (18) 1 (14) 4 (15) 3 (20) Homozygous ( 
>0.99
Heterozygous (C/T)
10 (29) 2 (29) 9 (35) 3 (20) Homozygous (T/T) 1 (3) 1 (14) 0 (0) 2 (13) LCE4A-Clorf68 Odds ratios were calculated using a dominant model (ie, heterozygote combined with the minor allele homozygote as risk genotypes). Patients with and without a persisting candidemia were compared using logistic regression analysis, after adjusting for non-Candida-related CLABSI rate. distribution of rs5743611 significantly deviated from the Hardy-Weinberg equilibrium in the study from Plantinga et al, possibly because of the different genotyping method that was used by these authors (mass spectrometry instead of PCR analysis).
In the present study, none of the investigated SNPs were significantly associated with persisting or disseminated disease. This is in contrast to previous studies, which linked rs17035850 in CD58 and rs3127214 in TAGAP to persisting or disseminated candidemia, respectively. 6, 14 Differences in clinical setting may be a reason for these contradictory findings. Other genetic factors have been related to the severity of disease as well. For example, Choi et al identified 3 SNPs in IL-4 related to chronic disseminated candidiasis, whereas Johnson et al showed that SNPs in IL-10 and IL-12B were associated with persisting candidemia. 24, 25 It may well be that in patients receiving HPN, risk factors other than genetic variation play a more important role in the development of candidemia. Our multivariable Poisson regression analysis showed a clear association between the rate of non-Candida-related CLABSIs and candidemia. We included non-Candida-related CLABSI rate as a surrogate marker for patient or caregiver adherence to aseptic catheter-handling protocols, as it remains very difficult to qualify such care in patients. Not unexpected, patients with a higher non-Candida-related CLABSI rate experienced candidemia more often, suggesting that the quality of aseptic catheter handling per se is relevant for Candida susceptibility. This observation again underpins the importance of strict adherence to aseptic protocols in HPN care. It is, however, also important to note that the use of antibiotics may have been increased in patients experiencing non-Candida-related CLABSIs, which could subsequently have led to opportunistic Candida infections. 26 A strength of this study is that it concerns the largest case vs disease-matched control study in patients receiving HPN. In addition, we investigated all currently known genetic risk factors for candidemia to date. In previous studies, SNPs in TLR2 and TLR4 have been linked to candidemia as well. However, these results were not replicated in larger candidemia cohorts and therefore were excluded from this study. 6, 13, 27 Finally, in contrast to other studies, we adjusted for multiple Candida events and exposure time to HPN in a secondary Poisson regression analysis, which might give a more accurate assessment of risk factors. 6, 13, 14, 27 As mentioned earlier, a clear limitation is that only a small group of patients experienced candidemia, which impacted on the power of this study. To our knowledge, we identified all candidemia episodes in our patient cohort, but we cannot rule out that candidemia may have been missed in some patients. In addition, we were unable to include all previously reported relevant risk factors for candidemia, such as antibiotic use. Finally, we did not adjust for multiple comparisons in our analyses.
Future research should focus on establishing a larger, preferably prospective, international, multicenter HPN cohort to assess the impact of the investigated SNPs or the TLR1 GAT haplotype and candidemia. Other SNPs may be validated as well, such as the previously mentioned SNPs in IL-4, IL-10 and IL-12B. 24, 25 This could eventually help identify patients at risk for candidemia and guide patientspecific preventive screening strategies.
In conclusion, in this study we could not replicate previously reported associations between SNPs in TLR1, CD58, LCE4A-Clorf68, or TAGAP and candidemia, or the severity of infection, in our HPN patient cohort. A possible role of the TLR1 GAT haplotype in patients with candidemia has yet to be resolved. The identification of non-Candida-related CLABSI rate as a clinical risk factor for candidemia emphasizes the importance of catheter care to prevent candidemia in patients receiving HPN.
